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Abstract. Elementary bidimensional circuitry made of single-wall carbon-nanotube—based conductors, self-
grafted on different polymer films, is accomplished in an attempt to develop a simple technology for flex-
ible and stretchable electronic devices. Unlike in other studies of polymer-carbon nanotube composites,
no chemical functionalization of single-wall carbon nanotubes is necessary for stable grafting onto several
polymeric surfaces, suggesting viable and cheap fabrication technologies for stretchable microdevices. Elec-
trical characterization of both unstretched and strongly stretched conductors is provided, while an insight
on the mechanisms of strong adhesion to the polymer is obtained by scanning electron microscopy of the
surface composite. As a first example of technological application, the electrical functionality of a carbon-
nanotube-based 6-sensor (electrode) grid was demonstrated by recording of subdural electrocorticograms
in freely moving rats over approximately three months. The results are very promising and may serve as
a basis for future work targeting clinical applications.

1 Introduction

Since the discovery of carbon nanotubes (CNT) and of their interesting mechanical and electrical properties [1], large
efforts have been devoted to obtaining composite materials based on CNT, both in their single-wall (SWCNT) and
multi-wall form (MWCNT) [2]. As is widely recognized, due to their inert graphitic structure, carbon nanotubes are
non-reactive and hardly soluble both in water and in organic solvents, which limits the possibilities of producing
composites and, in spite of effort, no general recipe has been found [3-5]. Limited dispersion in liquids is obtained by
the use of surfactants, e.g., sodium-dodecyl-benzene sulphonate (SDBS) and, only to some lesser degree, CNT can be
suspended in alcohol and other organic solvents. DNA or other long-chain polymers, such as sodium-carboxy methyl
cellulose, can wrap around CNT and can thus make the complex soluble in water. In addition, damaging the graphite
structure of CNT by strong acidic attack produces a number of electron devoid sites, making them partly soluble and
available also for functionalization with hydrophilic groups. However, such damage deteriorates both the mechanical
and the electrical performance of CNT, so that at most some tradeoff can be found which may be convenient for
specific applications. Furthermore, CNT of all types, being many orders of magnitude longer than their diameter,
invariably twist and bundle together, making unextricable randomly coiled bundles of different forms, which, while
further limiting the possibility of uniform functionalization, have, on the other hand, interesting elastic properties [6—
9]. In spite of these difficulties, many achievements of polymer-CNT composites have been obtained and successfully
tested [2,10-16].
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The process of grafting of CNT onto polymer film surfaces is of particular importance for obtaining flexible and
stretchable planar devices [8,17]. Indeed, such surface composites would find wide applications for sensors, electronic
devices, artificial muscles, implantable prosthetic aids [18-25], extensible displays and even smart luminous clothing.
Growth, grafting by chemical modification or plasma treatment, deposition, extrusion and lamination of MWCNT in
polymeric films have been explored, but relatively less attention has been paid to the electrical properties of surface-
grafted conductors based on SWCNT. The present work is devoted to the investigation of the electrical conductivity of
bundled SWCNT wires self-grafted on the surface of polymeric films with different elastic/plastic behaviour. We thus
exploit the natural rearrangement of polymeric flexible chains around the much more rigid and yet very thin SWCNTs
(0.7 nm diameter); these can penetrate more or less deeply the bulk of the polymer, so that intertwining with its chains
becomes frequent enough to produce a grafting force that depends on the type of polymer. Beyond the wide issue of
stretchable electrical connection on a mm/cm scale, and more generally of “stretchy” electronics, we also explored,
as a practical application of these compliant and moldable surface composites, the possibility of recording electrocor-
ticogram (ECoG) in freely behaving laboratory rats; this is obtained with a SWCNT grid immersed in a biocompatible
poly-ethylene (PE) plastic film membrane placed subdurally on the cortical surface of the rats (between the dura and
the pia mater). The use of this type of flat, stretchable CNT-based probe is justified by previous findings [26-30]
showing that neurons easily colonize CNT bundles, and by the need of fabrication of fully biocompatibile, elastic and
plastic neuroprosthetic devices for Brain Machine Interface (BMI) applications. Furthermore, metal-free conductors
could represent a strong asset for NMR, tomographies in biomedical applications, while the perspective of using ink-jet
printing of carbon nanotubes is particularly appealing for low-cost mass production of stretchable devices. Also, the
inert nature of graphitic carbon, and its immersion in biocompatible polymers, is a further advantage in medical and
prosthetic devices.

2 Materials and experimental section

2.1 Materials

Purified SWCNT produced by the HiPCo method [31] were purchased from Carbon Nanotechnologies Inc.. Impurities
declared by the manufacturer are less than 5%, mainly consisting of excess metal clusters catalizing CNT initial
growth. As is widely known, this material appears as a black fluffy powder made of intertwined clusters of dimensions
ranging from fractions of a millimeter to few pum. Their average density is very low, so that these clusters easily float
in air, while they tend to stick to surfaces where they deposit, making a precise measurement of the overall mass
rather difficult. On Scanning Electron Microscopy (SEM) analysis, the material shows the complex coiling of single
nanotubes, as well as of their bundles. The diameter of the individual SWCNT in this material is 0.7 nm as declared
by the manufacturer, which is approximately 40 times smaller than that of multi-walled carbon nanotubes (MWCNT,
Aldrich), having an external diameter of the order of 2040 nm. Both types of CNT samples have mixed chirality.
Representative images of the single- and multi-walled carbon nanotubes that we used, and of their very different
arrangements in clusters, are given in the Supplementary Material (SM) fig. S1.

In our experiments aiming at grafting individual conducting tracks of CNT onto a polymeric surface, we chose thin
films of a number of polymers having different elastic and plastic properties: 1) medium-density poly-ethylene (MD-
PE); 2) high-density poly-ethylene (HD-PE); 3) acrylonitrile/butadiene (nitrile), a very elastic polymer; 4) poly-vinyl
chloride (PVC); 5) Parafilm M, a very plastic film made of paraffin waxes mixed with poly-olefins, that was found to
be ideal for neuron cells growth [32]; 6) natural rubber latex.

2.2 Conductive tracks fabrication

A suspension of partly shortened SWCNT was obtained by pouring 10 mg of powder into 10ml distilled HoO/ethanol
in the ratio 70/30 and adding 30 mg sodium-dodecyl-benzene sulphonate (SDBS). The mixture was quickly sonicated
for 10 minutes and then ball milled for 2 minutes in a Spex 8000 ball miller with a stainless steel jar. The suspension
obtained in this way was not at all uniform but finer than before ball milling, and it was possible to pass it through a
200 pm needle using a 10 ml syringe for casting on the substrate.

The polymeric film substrate was very slightly stretched on the outer wall of a bulk aluminium cylindrical drum
(4 cm diameter), perpendicularly to its axis, and fixed by adhesive tape at its ends. A stencil was made of 4 parallel
steel wires (0.5 mm diameter) in two couples spaced 1cm from each other, with adjustable spacing between wires
of each couple (generally 0.5mm for one couple and 0.8 mm for the other); such stencil was also stretched on the
drum over the polymer, so that the wires were forced to be parallel and to adhere perfectly to the film substrate
slightly squeezing it against the aluminium drum surface. The drum had an electric heater at the center to adjust the
temperature of the polymer film. This was measured by a Chromel-Alumel 0.5 mm diameter stainless steel armoured
thermocouple, inserted in a 0.6 mm diameter bore just below the drum wall surface. While the temperature was kept
at approximately 80°C, the CNT suspension was slowly cast through the needle between the 1 mm spaced wires of
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each of the two couples. The solvent evaporated quickly at that temperature, leaving a brown/black deposit on the
polymer surface. The operation was repeated until the space between the steel wires was completely filled and appeared
uniformly black. Each CNT track was then lightly brushed to remove non-adhering flakes and further cleaned by a jet
of purified air; then we raised the temperature to approximately 1-2 degrees below the polymer melting temperature
(e.g., 115°C for our MD-PE film, 250 °C for PVC) and maintained for a few minutes, then the drum was cooled again,
the stencil was carefully removed and the specimen was examined. The first examination was made by an optical
stereomicroscope at 50x magnification, then the film was observed by SEM after a light gold evaporation.

This technique is simpler, quicker and more economic than other methods necessary for large area uniform CNT
coatings [33].

2.3 Mechanical characterization

We first performed the commonly used sticky tape stripping test for a qualitative assessment of the stability of adsorbed
layers on flat surfaces. This was made for SWCNT layers self-grafted on our polymer film substrates, and a variety
of results ranging from extremely good and stable to weak adhesion was obtained. Details are reported in the SM,
fig. S3. A stress-strain characterization was also necessary since grafting of the SWCNT layer on the polymer surface
may affect significantly its mechanical properties. This was performed using an analytical balance, by hooking one
end of the nanotube coated polymer film stripes to a 120 g mass on the balance plate, and lifting the other end by
controlled extensions while reading the weight decrease measured by the balance scale.

2.4 Electrical characterization

We carried out the first electrical characterization of the conducting CNT/polymer film wires by measuring their
conductance as a function of track length. This was performed by platinum wire microprobes micrometrically shifted
by a micrometric slide (Carl Suss) along a 0.8 mm wide track on a MD-PE film glued on a rigid substrate. Further
characterization was made by measuring the current through the conducting CNT tracks versus applied voltage and
versus film stretching. To this purpose the film was immobilized on a micrometric slide, with one side gripped onto
the static part and the other gripped to the cursor part. Particular care was taken to avoid sliding of the film out
of the copper gripping plates as a consequence of film stretching and thinning. This was obtained by inserting thin
strips of sanding tissue on both sides of the gripping plates (see fig. S7 of the SM), making sure that the CNT tracks
were in firm contact with the copper. We placed the slide under the objective of a stereomicroscope and observed the
process of stretching of the CNT tracks deposited on the polymer. Simultaneously, resistance values of CNT tracks
were acquired by an Agilent 3458A digital multimeter.

2.5 Preparation of a six-sensor device for in vivo ECoG in rats

Due to the need of an easily 3D moldable device made of a biocompatible material, the sensor grid was made on an
MD-PE film substrate (thickness 25 pm and dimensions 5.5x 5.5 mm). The polymer film of 40 mm diameter was slightly
stretched across a circular metal frame, which was fixed on an x, y, z micrometric slide. The perfectly flat framed film
was precisely positioned in the focal point of a 50 mm focal length lens, on which the beam from the 2nd harmonic
of a Q-switched Nd-Yag laser (532 nm) was shone perpendicularly to the film surface; six micro apertures were then
micro-drilled in it by pulsed laser ablation. The laser intensity was kept just above the threshold of plasma formation
as a compromise for quick drilling and a reasonably round shape of the apertures with diameter of approximately
50-60 pm. Fine adjustment of the beam intensity was obtained by suitably delaying the Q-switch pulse with respect
to the flash lamp trigger. The position of the six apertures was determined with 10 ym precision, according to the
predetermined design, by shifting the micrometric slide in the z, y directions with respect to the laser beam focal point.
Then we deposited six 0.8 mm wide SWCNT tracks in straight paths over the drilled microapertures and over a set
of seven parallel metal wires, which connected the apertures to the output conductive pads. The round micrometric
areas of the CNT conductive tracks exposed by the micro-drilled apertures served as sensing electrodes, while the
polymer film substrate provided the necessary insulating membrane between electrodes and between wires and brain
tissue. Further details and images of the complete device are given in the SM. Then, by means of silver paint droplets,
we soldered the SWCNT wires to copper wires serving as an intermediate connection to an output connector. This
was followed by drying and covering the connection with epoxy resin, to make it stronger and more reliable. Further
details and images of the complete device are given in the SM.

The six-electrode grid was placed subdurally on the rat’s cortical surface by appropriate surgery and operative
treatments following the authorized rules for using animals in chronic experiments. These experiments were conducted
in accordance with the guidelines approved by the institutional committee of I.R.C.S.S. Neuromed Institute (Pozzilli,
Italy), where this part of the study was carried out. We followed the protocols for surgery commonly used for subdural
implantation of flat electrode grids on the cortical surface of rodents [34]. Then, we recorded ECoG signals from each
electrode of the grid starting one week after implantation.
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3 Results

It should first be observed that grafting a CNT layer of thickness in the range of 10-20 pm involves two very different
types of interaction: the first is the adhesion of carbon nanotubes to the polymer surface, the second is the adhesion
of the upper layers of CNTs onto the polymer grafted nanotubes, which is mainly due to the random entanglement of
coiled and twisted nanotubes. We found that the first type of interaction is much stronger than nanotube-nanotube
entanglement. The deposited SWCNT layer that forms the base of the conductive track was surprisingly stable and
firmly attached to the polymer surface, in spite of the lack of any sort of chemical treatment or covalent bonding. This
was true for most of the explored polymers, as demonstrated by the sticky tape test, although with variable adhesion:
the best results in terms of adhesion were obtained with MD-PE, PVC and natural rubber latex film substrates, while
the weakest adhesion was observed for nitrile films; on the other hand, this test was not possible for Parafilm M,
which is too soft a material to whitstand the sticky tape stripping. For polyethylenes, rubber latex and PVC, we even
attempted to crush the polymer film or to mechanically scratch the tracks and this never removed the surface grafted
layer, although damage to the upper layers, and a consequent increase in the resistance, occurred. We believe that
such good adhesion is due to both buckling of the polymer chains onto the carbon nanotube bundles [35,36] and to the
SWCNT diameter which allows penetration into the polymer structure [37]. The polymer chain stiffness, the history
of the polymer casting and the chirality and buckling of the SWCNT bundles to each other seem to be also important
for this good adhesion [37,38]. In general, consecutive tape strippings led to a roughly constant wear of the SWCNT
thick layer, while the thin adhering layer remained strongly grafted onto the polymer. Stabilization of the upper layers
of the thick carbon nanotube films is, in any case, obtained by soaking it with a PE/Xilene solution, leading to devices
that are fully resistant to 10 consecutive tape strippings, as is shown in detail in fig. S3 of the SM.

The resistance of the self-grafted SWCNT wires clearly decreases with increasing thickness and is of the order of
2-3kOhm/cm for an approximately 10 um thick, 500 um wide, track. This is low enough to allow for the majority
of possible applications. Even after complete removal of the CNT upper layers, resistance remains in the hundreds
of kOhm/cm range. The strongly non-linear behaviour of the resistance versus strain plots in the high strain region
would be particularly useful for high-sensitivity strain sensors.

Figure 1 shows SEM images of portions of the bundled SWCNT layer grafted on a MD-PE film after attempting
to mechanically detach (delaminate) it from the polymer. We can see that in spite of the lifting up of the SWCNT
layer edge from the polymer, it still holds onto the surface by means of many residual nanotube cables anchoring the
deposit in its place.

Figure 2 shows optical and SEM microscope images of similar conductive tracks as patterned on the polymer
film, after removal of the masking structures, and on severe (> 100%, figs. 2(a), (b), (¢)) and mild (10%) stretching
(fig. 2(e)) along the direction of the wires. When the polymer is severely stretched, cracks develop in the upper layers
of the conductive tracks as observed by optical microscopy and SEM characterization (figs. 2(a), (b), (c)). Even for
large strains, of the order of 120-150%, such cracks do not completely cross the wire width, so that a bellows-like
structure is formed. The electrical conductivity is preserved although with increased resistance, as we shall see in the
following; furthermore, the narrower gaps that develop are always bridged by SWCNT (fig. 2(¢)). In agreement with
what reported by Liu et al. [22], an increase of the strain range that maintains high conductance can be obtained by
casting the SWCNT suspension on pre-stretched polymer films.

Optical microscopy also showed that the SWCNT tracks were more rigid than the polymer film: indeed some
wrinkles formed around the wire due to its grafting (fig. 2(d)). These disappeared on slightly stretching the polymeric
substrate, while leaving the tracks firmly anchored to the polymer surface (fig. 2(e)). The limits in lateral precision,
due to the SWCNT clusters size, are also visible in fig. 2(e). Removal of the stencil was a frequent cause for irregular
wire edge since SWCNT clusters often strongly adhere even to metal masks.

Figure 3 depicts stress-strain curves (squares and full circles) for 31.5 mm long, 3 mm wide and 25 pm thick MD-PE
stripes, uncoated and coated by a self-grafted 10-15 pm thick SWCNT layer.

We can clearly see that the effect of the SWCNT-grafted layer was to substantially increase the material stiffness
at small strains until the stretched nanotube bundles were forced to disentangle, which produced a clear double slope
behaviour of the stress-strain curve.

Figure 3 investigates also the correlation between strain and increase of electrical resistance of the same above
mentioned wire. The resistance versus strain plot (stars) shows again a double slope behaviour, but the change of
slope occurs at higher strains compared to the stress-strain plots. We may interpret this observation as follows: the
initial disentanglement of CNT bundles when stretched beyond their elastic limit decreases the film stiffness even if
bundles remain in contact with each other; only further stretching of the film causes a disconnection of the CNT
bundles and subsequent steeper increase in the resistance.

A simple Ohmic behaviour was obtained, as expected, on measuring the resistance of several polymer surface
grafted SWCNT wires as a function both of the distance between measuring points along the wires, and of the voltage
applied to the SWCNT wire. Details are reported in fig. S6 of the SM.
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Fig. 1. SEM images of SWCNT layers on MD-PE at different angles show many nanotube bundles firmly bonding the conductive
layer to the polymer surface. Panel (a) shows strained nanotubes on attempting detachment of the SWCNT layer from the
polymer (note that some nanotubes are broken due to high tension). Panel (b) is taken, on a different specimen, at a very low
angle, nearly parallel to the surface at the edge of the SWCNT layer and shows the large amount of binding nanotubes well
rooted into the polymer. Both images were recorded after a few sticky tape strippings.

Fig. 2. Characterization of stretched SWCNT wire grafted on MD-PE. Panels (a) and (b): Severe stretching. Doubling the
length of the polymer substrate produces a bellows like structure, as shown in (a), (b), that is still conductive. Panel (c): The
SEM image also shows single SWCNT bundles bridging the majority of the cracks that form the extended bellows. Panel (d):
The unstretched, suspended polymer film shows wrinkling due to SWCNT grafting, which disappears on slight stretching (e).
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Thickness of the SWCNT layer is approximately 15-20 pm. (d) Breakdown threshold for a 10 um thick SWCNT/MD-PE wire
is below 50% strain. Note that on decreasing the strain after breakdown some random conduction region can be found.

When the polymer was stretched in the direction of the wire, the resistance of a 15 um thick, 800 ym wide film
grafted wire, increased non-linearly with its extension AL. Figure 4 shows the measurements of resistance versus
relative strain (AL/Lg) for strains up to approximately 50% (fig. 4(a), plotted against (AL/Lg)?), from 50% to 70%
(fig. 4(b), plotted against (AL/Lg)?), and in the whole range up to 120% plotted against AL/Lq (fig. 4(c)). Observing
that for small strains (up to approximately 30%) the width w of the CNT track remains constant, the observed
quadratic increase in fig. 4(a) can be compatible with a simple Ohmic behavior if we suppose that the SWCNT film
thickness decreases linearly with strain:

L L
R=p-—=p - —,
o t-w
with p = resistivity; o = section; L = length; ¢ = film thickness; w = film width.

On supposing At = k/AL, where k has the dimension of an area and the width w is constant (the film is stretched

in the direction of the wire length),

(r- AL)
(A7) -]

where k¥ = r/kw has the dimension of a volume resistivity.

AR = — AR =Kk AL?,
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This simplified description only accounts for the low strain behaviour where the CNT layer can be considered
roughly uniform. Indeed, the assumption At = k/AL is probably true on average, although fig. 2 shows that almost
empty cracks progressively develop in a finely distributed but discrete way.

Stretching the SWCNT/MD-PE composite film beyond 50% yields higher power dependencies on strain
(figs. 4(b), (c)) due to progressive loss of internal connectivity of the wire; and above 120% an unpredictable fail-
ure of the conductor was observed. Reducing the thickness and width of the wire lowers the breakdown threshold,
which was 35-50% for a 500 um wide and approximately 10 um thick wire (fig. 4(d)). On releasing the strain after
breakdown some regions of re-established conductor continuity could be found, but the wire was permanently ruined
after breakdown in all specimens. On the other hand, releasing the strain before reaching the failure threshold exten-
sion, the resistance of the wire decreases and, depending on the material elasticity, it approaches the original values
in a more or less extended time, so that some hysteresis is observed; in most cases, however, it never reaches the
resistance values relative to the original, unstretched polymer film. The hysteresis is clearly related to the slow and
incomplete recovery of the original extension of the polymeric film. Stretch-release curves for different substrates are
reported in fig. S8 of the SM.

A comparison of the reliability of SWCNT wires grafted on different polymer films was made by measuring the
resistance of wires of similar thickness and width as a function of the applied strain. Figure 5 reports such comparison.
We can see that the best overall behaviour is obtained with the PVC substrate, where the resistance increase is minimal,
followed by rubber latex, MD-PE, HD-PE and finally nitrile where the wire approches full breaking for strains above
100%. Parafilm M grafted CNT wires whitstand only extremely limited strains due to strongly non-uniform plastic
deformation of the substrate, causing high straining of the CNT bundles in very limited regions, and sharp cracks in the
wire; because of their unreliable behaviour, data for Parafilm M are not reported in the figures. We also note that at low
strains MD-PE behaves better than rubber latex, and similarly to PVC, while its resistance has a strong increase for
strains higher than 100%. This could be due to exceeding the onset of the MD-PE plastic behaviour. For the particular
application of Electrocorticogram recording in living laboratory animals, the MD-PE substrate was thus chosen, since
only limited stretching of the device is required, together with a good plastic behaviour and full biocompatibility.

We also tested the reliability of these self-grafted wires by repeated stretch-release cycles. Figure 6 shows the wire re-
sistance for 100 cycles of stretch-release at different amounts of stretching, from 10% to 100% of the original wire length.
Resistance increases with increasing strain as already shown, but it remains stable after the first 20 cycles, showing that
the SWCNT /polymer composite is indeed a conductor with very reliable electrical properties under mechanical loads.

Since most of the studies available in the literature have been performed using MWCNT rather than SWCNT, we
also compared a SWCNT wire grafted on PE with a MWCNT wire made in exactly the same way on the same film
close to each other. Contrary to the behaviour of SWCNT /polymer film tracks, MWCNT tracks were much less stable.
The delamination from the polymeric substrate already observed by others [39] occurred after inducing any type of
deformation of the MWCNT film, leaving only a very non-uniform distribution of small nanotube clusters (figs. 7(a)-
(c)). These remaining clusters had very limited conductivity and behaved differently from the SWCNT tracks, as
shown in fig. 7(d) for strains up to 50%. Resistance is an approximate factor > 103 higher, as expected for such thin
and non-uniform wire; also, the behavior is non-Ohmic at low strains, strongly deviating from what we observed for
the SWCNT wire. This behaviour may be interpreted as a lower penetration of the 40 times wider MWCNT into
the polymer, together with a more difficult rearrangement of the polymeric chains around such larger and stiffer
carbon structure as predicted by simulation studies [35,36]. Furthermore, due to their coarse grained structuring on
a micrometer scale (see SEM characterization in the on-line SM), MWCNT offer a much lower contact surface to the
polymer film, compared to the more uniform SWCNT distribution.
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Fig. 7. (a) Optical microscopy shows the widely different grafting of MWCNT in form of a wire on MD-PE (left) compared to
that of SWCNT (right) on the same substrate. (b) and (c): SEM imaging of a MWCNT and of a SWCNT track, respectively.
(d) Comparison of resistance versus strain behaviour for a SWCNT (squares, scale on the right) and a MWCNT (stars, scale
on the left) wire on the same MD-PE film. Length of the wires is 15 mm. Note that the scale for MWCNT is in MOhm, while
the scale for the SWCNT wire is kOhm.

4 Recording of rat electrocorticogram in vivo

One of our future goals is to use this manufacturing process to create SWCNT-based electrode grids to target clinical
applications, such as control of epilepsy in drug-resistant patients and help paralyzed patients affected by stroke by
enhancing and improving communication and control by means of brain-computer interfacing. We present here a short
description of our first results concerning the reliability of a SWCNT/MD-PE-based 6-electrode grid by recording
ECoG activity in a freely moving laboratory rat. We placed the grid subdurally to record the ECoG directly from the
surface of the cerebral cortex because it is well known that scalp, dura mater and intermediate tissues strongly attenuate
and distort brain signals [40]. The ECoG represents a class of semi-invasive, i.e. intracranial but not intracortical,
recording technique and compared with EEG, it offers higher quality as control signal for BMI applications because of
its higher spatial resolution, improved signal-to-noise ratio and lower contaminations with movement artefacts [41,42].
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Fig. 8. The ECoG recorded by means of SWCNT/MD-PE grid subdurally implanted in a laboratory rat. (a) Representative
monopolar 4s ECoGs recorded in a free-behaving video-monitored rat in a state of quiet waking from all 6 electrodes of
the SWCNT/MD-PE grid implanted subdurally 11 weeks earlier. (b) Representative monopolar 4s ECoGs from one of the six
electrodes at 1, 2, 5, and 11 weeks. All electrodes captured reliable ECoG beginning from the second week after the implantation
and until the end of the experiment (week 11). (¢) Power spectral densities (PSDs) of the 4s ECoG epochs, which are shown
on (b). (d) Histogram plots of PSD values (mean + standard error of mean) obtained by integration of normalized PSD for
delta, theta, alpha, beta, and gamma frequency bands for ten 4s epochs in ECoG recordings at week 1, 2, 5, and 11. * The
significance level was set at 0.05 (Bonferroni test).

As is generally accepted, impedance, number of channels detecting electrical activity, amplitude, and frequency of the
signals are the benchmarks for ECoG quality, as well as the viability of the nearby tissue. In order to verify whether
the electrical characteristics of the electrodes are sufficient to operate in biological frequency bands and ascertain the
electrodes stability over time, we performed impedance measurements (from the first day) and ECoG recordings (from
the first week) once a week over 11 weeks after the implantation of the grid. We observed some increase of the impedance
only the first week after the implantation, while later-on the impedances of all 6 electrodes of the grid were much lower
(see SM). The initial increase in the impedance is a typical behaviour of implanted microelectrodes and grids, most
probably due to the tissue response [34,43]. Having low impedance of the electrode/tissue interface is very important
to maintain signal quality during recording. In fact, we recorded reliable ECoG signal starting from the second week
until the end of the experiment with 100% of functioning electrodes (figs. 8(a), (b)). We carried out spectral analysis
of the ECoG using power spectral density (PSD) application of the AcqKnowledge 4.1.1 software (BIOPAC Syst,
Inc, U.S.A.). The PSDs were calculated with a Hamming-windowed 1600-point fast Fourier transform using standard
Welch procedure (0.195Hz resolution). The analysis showed that the PSDs (fig. 8(c)) of 4s ECoG epochs (fig. 8(b))
were typical for the functional state of passive waking, when the rat is quiet, does not move or sleep [44]. In accordance
with the high level of impedance measured the first week following the surgery (see the SM), the ECoG during that
week was not very stable with slow deviations and appearance of line 50 Hz noise (figs. 8(b), (c)) due probably to
not yet good contact of the electrodes with the underlying cortical tissue [34,43]. We tested the electrical stability
of the longitudinal ECoG monitoring by means of ANOVA with repeated factor “Weeks” on normalized values of
PSDs (against the total power over the entire frequency range) of 10 ECoG 4s epochs in the standard five frequency
bands: delta (0.5-4 Hz), theta (5-8 Hz), alpha (9-12Hz), beta (13-30 Hz), and gamma (31-70 Hz). The ANOVA and
post-hoc Bonferroni test rejected the hypothesis that the power-frequency characteristics of ECoG will change over
time in our chronic experimental setting from week 2 until week 11 after the grid implantation, which indicated to
stability of ECoG over approximately three months. The variations in the power distribution were due mainly to
difference between near times (week 1) versus far times (week 11) (fig. 8(d)). The decrease in delta and increase in
beta at week 11 relative to week 1 might be due to the stabilization of the signal at later time points. The analysis of
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video records made simultaneously with the ECoG showed that the rat displayed normal behaviour without any signs
of pathology. In our experiments, we did not compare the recorded ECoG with signals recorded by means of other
grids, which incorporate metal disks (e.g., platinum-iridium alloy, gold, etc.) routinely used in humans [45] or any
other grids fabricated using other methods/materials. Generally, grids with metal electrodes are not very suitable for
prolonged chronic applications because they are heavy and undergo oxidation and degradation of characteristics over
time [46]. There is a bulk of study demonstrating the superiorities in electrical and biocompatibility characteristics of
CNT electrodes over other types of electrodes, e.g., titanium-nitride electrodes [47].

We will continue our efforts to follow requirements for biocompatibility that will allow for chronic implantation of
such devices over more prolonged periods and to improve spatial and frequency resolution of the cortical recording,
which means to fabricate SWCNT-based ECoG grids with smaller interelectrode distances, bigger number of sensors,
and use of acquisition setup to catch faster ECoG activity. We believe that the SWCNT/MD-PE grids described in
this study may be used in future for control of motor disability in humans after stroke [41,45,48] and seizures in
patients with intractable epilepsy [49].

5 Conclusions

We have demonstrated reliable self-grafting of SWCNT bundles on several polymer films, as compared to the more
commonly used MWCNT, which normally need some type of chemical or physical functionalization in order to bind
polymers. Such good adhesion may be related to the higher degree of penetration of SWCNT into the polymers, due to
their smaller diameter compared to MWCNT. This leads to the availability of easy and cheap fabrication of stretchable
conductors, which may be more or less elastic or plastic, depending on the polymeric film substrate. Demonstrating
such surface grafting of conducting and elastic carbon structures is important in the perspective of industrial fabrication
of complex stretchable circuitry or sensing devices by drop casting and printing methodologies. The composite surface
material has interesting mechanical properties, adding considerable strength to the polymeric films for small strains.
For larger strains, where the stretched carbon nanotube bundles disentangle, the dependence of resistance on strain
is similar to the stress-strain dependence of the naked film. Although we cannot be sure about the mechanisms of
self-grafting, the SEM characterization showed that, unlike the much larger MWCNT, the SWCNT, probably because
of their small size, penetrated into the polymer structure, where they remained buried and entangled via buckling
mechanisms. Variable rigidity of the polymer backbone may account for different adhesion properties of different
polymeric substrates. Once grafted to polyethylene substrate films, the SWCNT layers of the order of few microns
were very stable and robust, which allowed us to fabricate a six-electrode flat stretchable grid and implant it subdurally
on the cortical surface of the brain of a free-moving laboratory rat. This device was safe during approximately three
months of testing with no apparent damage to the animal health and effective in capturing reliable and stable ECoG
activity. Within the increasing investigation on stretchable conductors based on carbon nanotubes/polymer composites,
our findings, due to the easy and inexpensive methodology, appear particularly promising for immediate and broad
ranging application.
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